A statistical associating fluid theory to model electrolyte fluids that explicitly accounts for solvent molecules by modeling water as a dipolar square-well associating fluid is presented. Specifically the statistical associating fluid theory for potentials of variable range ͑SAFT-VR͒ is combined with integral equation theory and the generalized mean spherical approximation using the nonprimitive model to describe the long-range ion-ion, ion-dipole, and dipole-dipole interactions. Isothermal-isobaric ensemble Monte Carlo simulations have been performed in order to test the new theoretical approach. In particular, simulations are performed for different ion concentrations and different ratios of the cation, anion, and solvent segment diameters. Predictions for the thermodynamic properties from the new equation of state are compared with the computer simulation data. Additionally, results from a combination of the SAFT-VR approach with Debye-Hückel theory and the primitive model are also presented and compared to those obtained with the nonprimitive model to illustrate the advantages of the new statistical associating fluid theory for potentials of variable range plus dipole and electrolytes ͑SAFT− VR+ DE͒ approach. The results show that the proposed equation of state provides a good description of the PVT properties of electrolyte fluids with different sizes of ions and solvent.
I. INTRODUCTION
Electrolyte solutions, and in particular, aqueous electrolyte solutions, are central to chemical, biological, and environmental processes. The thermodynamic properties of electrolyte solutions are therefore crucial to the design and operation of processes such as protein separations, in addition to applications in the more traditional chemical and petroleum industries. The importance of understanding the thermodynamics of electrolyte solutions is reflected by the significant body of work devoted to developing theoretical tools to predict their thermodynamic and physical properties.
One of the key barriers to the development of predictive approaches for electrolyte solutions is the complexity of the interactions and the need to describe the long-range chargecharge and charge-polar interactions. Several theoretical models have been developed to specifically deal with these interactions in electrolyte solutions. 1 In particular, the Debye-Hückel theory was the first theory for electrolyte solutions and considers the ions to be point charges, and so does not include the effect of the volume of the ions and treats the solvent as a dielectric continuum. The DebyeHückel approach provides a good description of low concentration electrolyte solutions and has been used to develop many semiempirical equations of state ͑EOSs͒ such as the Pitzer 2 equations and the electrolyte nonrandom two-liquid 3 model.
Perturbation theory was first applied by Stell and Lebowitz 4 to model electrolyte solutions using the hard sphere as a reference state and Debye-Hückel theory to deduce the perturbation term of the Helmholtz free energy for the ion-ion interaction. Henderson later 5 proposed a restricted perturbation theory in which the ion-ion interaction is treated as a perturbation term. Both approaches model the solvent as a continuous medium and hence are McMillanMayer ͑MM͒ level of models ͓as opposed to BornOppenheimer ͑BO͒ models that explicitly include the solvent͔. 6 MM models, in which the ions are hard spheres, are referred to as primitive models. 7 Subsequently, Henderson et al. 8 extended their approach to ion-dipole mixtures. Chan 9 later applied this model to simple chloride solutions and found that the nonprimitive model, which explicitly models the solvent as dipolar molecules, did not give better results than the primitive model, despite the more realistic nature of the model. The apparent failure was attributed to inaccurate predictions of the reference hard-sphere fluid properties. In an alternative approach, Jin and Donohue 10 combined the perturbed-anisotropic-chain theory 11 for shortrange interactions between molecules with Henderson's primitive model for the long-range Coulombic interactions and studied a range of single and multiple electrolyte solutions.
As an alternative to perturbation theory, a number of equations for electrolyte solutions have been proposed based on integral equation theory. Within integral equation theory, two important approximations, the hypernetted chain ͑HNC͒ and the mean spherical approximation ͑MSA͒, have been used to solve the Ornstein-Zernike equation for electrolyte fluids. However, while the HNC 12 approximation is the more accurate, it is mathematically complex and does not provide analytical solutions. For example, an important HNC theory is the reference interaction site model, developed by Chandler and Andersen 13 and Rossky and co-workers, 14 which takes into account the molecular shape of the ions and solvent; however, it yields a trivial dielectric constant for the solvent in BO models and the solution is not analytic, requiring numerical methods. In contrast, the MSA allows for analytical solutions to be developed for a wide range of model fluids. 15 Independently, Waisman and Lebowitz 16 and Blum 17 obtained analytical expressions for the thermodynamic properties of the restricted and unrestricted primitive MSA models, respectively ͑restricted refers to primitive models in which the ions are hard spheres of equal diameter and opposite signs͒. The primitive MSA ͑PMSA͒ accounts for the effect of the volume of the ions explicitly; when the diameters of the ions vanish the MSA expression reduces to the Debye-Hückel equation. The PMSA model has been applied to develop equations of state for electrolyte fluids by several authors. 18 For example, Ball et al. 19 established an EOS for electrolyte solutions that uses the PMSA to describe the long-range interactions, and Lu et al. 20 have used the PMSA to calculate the activity coefficients of single and mixed aqueous electrolyte solutions using ionic-strength-dependent effective diameters for the cation.
To explicitly account for the effect of the solvent, Blum 21 and Adelman and Deutch 22 developed analytic solutions for the nonprimitive MSA ͑NPMSA͒ model, yielding expressions for the thermodynamic properties of a mixture of equal sized ions and dipolar hard spheres. Blum and Wei 23 later extended the solutions to the system of arbitrary sizes of charged and dipolar hard spheres. The solution of the NPMSA includes three types of interaction: ion-ion, iondipole, and dipole-dipole interactions. Hoye and Stell 24 have used the approach of Blum and Wei to yield explicit forms for the ion-ion, ion-dipole, and dipole-dipole pair distribution functions. Li et al. 25 subsequently tested the NPMSA against Monte Carlo simulation data and found that while it provides a good description of the ion-ion contribution to the internal energy, the ion-dipole contribution is underestimated. For a comprehensive review of theories developed for aqueous electrolyte fluids, the reader is directed to the excellent reviews of Loehe and Donohue 26 and Anderko et al. 27 In this work we propose a new equation of state for electrolyte fluids that combines the analytical results of the MSA with an accurate model for the short-range dispersion and association interactions, which also play an important role in determining the thermodynamic properties of electrolyte systems. Through a combination of integral equation theory and perturbation theory, within the framework of the statistical associating fluid theory ͑SAFT͒, we can develop a statistical mechanics based model that accurately captures the key molecular level interactions. The statistical associating fluid theory was proposed by Chapman et al. 28 based on Wertheim's thermodynamic perturbation theory for association, 29 and explicitly takes into account the effect of nonsphericity and association interactions. In recent years SAFT has proven to be a powerful equation of state for modeling associating and nonassociating chain fluids and their mixtures ͑see, for example, the numerous applications highlighted in a recent review of the SAFT equation 30 ͒. In the SAFT approach, the free energy is written as the sum of four separate contributions:
where N is the number of molecules, k B Boltzmann's constant, and T the temperature. A ideal is the ideal free energy, A mono the contribution to the free energy due to the monomer segments, A chain the contribution due to the formation of bonds between monomer segments, and A assoc the contribution due to association. Hence, a SAFT fluid is a collection of monomers that can form covalent bonds; the monomers interact via repulsive and attractive ͑dispersion͒ forces and, in some cases, association interactions. Within the SAFT framework, many extensions of the original equations have been proposed. These essentially correspond to different choices for the monomer fluid, and different theoretical approaches to the calculation of the monomer free energy and structure. 31 In this work we focus on SAFT-VR, which describes chain molecules formed from hard-core monomers with attractive potentials of variable range ͑SAFT-VR͒, 32, 33 typically a square well. The SAFT-VR equation has been successfully used to describe the phase equilibria of a wide range of industrially important systems; for example, alkanes of low molecular weight through to simple polymers 32, 34 and their binary mixtures, [35] [36] [37] perfluoroalkanes, 38 hydrogen fluoride, 39 boron triflouride, 40 water, 41 refrigerant systems, 42 and carbon dioxide, 37, 43 have all been studied. Additionally, a statistical associating fluid theory for potentials of variable range to model dipolar fluids 44 ͑SAFT-VR+ D͒ was recently developed by the authors that explicitly accounts for dipolar interactions through the use of the generalized mean spherical approximation to describe a reference fluid of dipolar square-well segments.
Several variations of SAFT have been proposed to describe electrolyte solutions. For example, Liu et al. 45 established an EOS for aqueous electrolyte fluids based on Wertheim's theory for association interactions and the semirestricted NPMSA ͑i.e., equal sized hard spheres were used to model the cations and anions and a different sized hard sphere used for the solvent͒. Wu and Prausnitz 46 calculated the phase equilibria for systems containing hydrocarbons, water, and salt by combining the Peng-Robinson EOS with the SAFT term for association interactions and the MSA to describe the ion-ion interactions. Tan et al. 47 have coupled SAFT1 with the restricted primitive model ͑RPM͒ to represent aqueous strong electrolytes. Cameretti et al. 48 have extended the perturbed chain SAFT equation to model aqueous electrolyte solutions through the addition of a DebyeHückel theory ion-ion interaction term. Of particular relevance is the work of Jackson and co-workers 49, 50 who first extended the SAFT-VR EOS to model electrolyte solutions ͑SAFT-VRE͒ using an additive electrostatic term from the RPM with the MSA closure. The SAFT-VRE approach has been used to predict the vapor pressures of electrolyte solu-tions in good agreement with experimental data; however, deviations from the experimental data are observed at high ion concentration ͑Ͼ10M͒, which may be due to the ionsolvent interactions not being adequately represented by the dielectric constant of the solvent. The SAFT-VRE approach has also been used to successfully study the salting out of n-alkanes in water by strong electrolytes 51 using the experimental dielectric constant for water as input to the calculations.
A common feature of these equations of state is that a MM level of theory is applied to describe the Coulombic interactions and therefore the effect of the solvent is not explicitly taken into account and values for the dielectric constant must be obtained. Here, building upon the SAFT-VR + D approach we present SAFT-VR+ DE to model electrolyte solutions. The SAFT-VR+ DE approach is a BO level equation of state that models electrolyte solutions through a combination of the MSA for the nonprimitive model and the statistical associating fluid theory for potentials of variable range ͑SAFT-VR͒; the nonprimitive model is used in order to explicitly take into account the effect of the solvent. NPT Monte Carlo simulations have been performed and used to validate the new approach. Additionally, to demonstrate the advantage of the use of the nonprimitive model, we compare results from the SAFT-VR approach and the nonprimitive model with those from the restricted nonprimitive model, which constrains the size of the cation, anion, and solvent to be equal, and the seminonprimitive model, in which only the ions and solvent are of different sizes with the size of the cation and anion being equal.
The remainder of the paper is organized as follows: In Sec. II we present the SAFT-VR+ DE model and theory for electrolyte solutions. In Sec. III, details of the molecular simulations performed are presented. Results for the phase behavior of electrolyte solutions are presented and compared with simulation results in Sec. IV. Finally, concluding remarks are made and future work discussed in Sec. V.
II. MODEL AND THEORY
In this work we develop a SAFT-VR approach to study the thermodynamic properties of electrolyte solutions in which the solvent is explicitly taken into account as a dipolar associating fluid. The electrolyte solutions are represented as a mixture of ions and solvent molecules. The ions are described as hard spheres, half with charge +q and diameter + , and half with charge −q and diameter − . The solvent is described as dipolar square-well molecules of diameter d with dipole moment embedded in the center of the molecule and four association sites to mimic the hydrogen bonding. As shown in Fig. 1 , the four association sites, two of type a and two of type b, are situated off center at a distance r d in a tetrahedral arrangement on the hard sphere. Two sites of different types can interact through a square-well potential when they are closer than a distance r c apart. In our model for electrolyte solutions, in addition to the dispersion and association interactions between the solvent molecules, electrostatic charge-charge, charge-dipole, and dipole-dipole interactions describe the interaction of the ions, the interaction of the ions with the solvent, and the dipolar solvent-solvent interactions, respectively. Hence, the pair potential for the reference fluid is defined by
where u SW ͑r͒ represents the square-well potential, u CC ͑r͒ the Coulombic charge-charge interaction, u CD ͑r͒ the chargedipole interaction, and u DD ͑r͒ the dipole-dipole interaction. The square-well potential is given by
where ij is the diameter of the interaction, ij the range, and ij the depth of the square-well potential. The inter-and intramolecular cross interactions between segments are obtained from standard combining rules, viz.,
͑6͒
The Coulombic charge-charge potential between ions can be represented by
where r is the center-to-center distance, e = 1.602ϫ 10 −19 C the elementary charge, and the permittivity of the continuous dielectric medium. The charge-dipole potential can be defined by
and the dipole-dipole potential by u ij
where
Here r is the unit vector in the direction of r joining the center of the segments and n i is a unit vector parallel to the dipole moment of segment i. Within the SAFT framework, the Helmholtz free energy A for the electrolyte solutions studied in this work can be written in the form
where A ideal is the free energy of the ideal fluid, A mono is the contribution due to the reference monomer fluid, and A assoc represents the free energy due to association interactions. We have not included the contribution due to chain formation, as only charged/dipolar monomer molecules are considered in this initial study. We now present the general expressions for each term in Eq. ͑11͒ followed by the specific expressions for the ternary mixture of cations ͑component 1͒, anions ͑com-ponent 2͒, and solvent molecules ͑component 3͒ studied in this work.
A. Ideal contribution
The ideal contribution to the free energy is expressed as
where i = N i / V is the number density, ⌳ i the thermal de Broglie wavelength of species i, and x i the mole fraction of component i.
B. Monomer contribution
The monomer free energy is given by
where N s is the total number of segments, determined from the product of the total number of molecules N and the number of segments per molecule m i , which in this work is always equal to 1. a mono is the free energy per monomer segment of the reference fluid which is a mixture of charged and dipolar hard spheres that interact through square-well and Coulombic charge-charge, charge-dipole, and dipole-dipole interactions. a mono can be separated into two terms, a SW due to the square-well potential and a MSA due to the electrostatic interactions; hence,
In the SAFT-VR equation a SW is approximated by a second order high temperature expansion using the perturbation theory for mixtures of Leonard et al., 52 viz.,
where ␤ =1/kT, a HS is the free energy of the hard-sphere reference fluid, and a 1 and a 2 are the first and second perturbation terms, respectively. The hard-sphere reference term is determined from the expression of Boublik 53 and Mansoori et al. 54 for multicomponent hard-sphere systems,
where s is the number density of segments, which is defined as the total number of segments divided by the total volume ͑N s / V͒, and l is the reduced density given by a sum over all segments i,
where i is diameter of segments of type i and x s,i is the mole fraction of segments in the mixture, and is given by
The first perturbation term a 1 describing the mean attractive energy is obtained from the sum of all pair interactions, 
where D ij is given by 
The effective packing fraction 3 eff ͑ ij ͒ can be written as
and following the original SAFT-VR approach, 
͑25͒
The second order perturbation term for the monomer excess free energy a 2 is expressed as where ͑a 2 ͒ ij is obtained through the local compressibility approximation:
where K HS is the Percus-Yevick expression for the hardsphere isothermal compressibility,
For the contribution to the free energy due to the electrostatic interactions, a MSA , we use the nonprimitive model in order to explicitly take into account the effect of the solvent. Recognizing the inconstancies reported in the literature for the expressions of Wei and Blum's solution for the nonprimitive model within the mean spherical approximation, here we briefly summarize the expressions used in this work; 55 the expressions for the other models considered for comparison are listed in the Appendix. In the MSA, the properties for the nonprimitive model are expressible with three parameters, ⌫, B 10 , and b 2 , which correspond to the ion-ion, ion-dipole, and dipole-dipole interactions, respectively, and are given by the solution of three algebraic equations, viz.,
where the quantities in Eqs. ͑29͒-͑31͒ are defined as
2 + 2B 10 w 2 /␤ 6 2 w 2 ,
In the mean spherical approximation, the excess internal energy is given by
and the ionic excess chemical potentials is given by
The chemical potential of dipolar molecules is given by
Following Adelman 56 the dielectric constant can be written as
The excess Helmholtz free energy is given by
, and where
Since in the MSA the excess Gibbs free energy equals the excess internal energy, the pressure is given by
C. Association contribution
Based on the theory of Wertheim, the contribution due to association of s i sites on species i is obtained as
where the first sum is over the number of species i and the second sum is over all s i sites of type a on species i, and X a,i is the fraction of molecules of type i not bonded at site a, which is obtained from the numerical solution of the mass action equation:
The function ⌬ a,b,i,j , which characterizes the association between site a on molecule i and site b on molecules j, can be written as
where f a,b,i,j = exp͑− a,b,i,j / kT͒ − 1 is the Mayer f function of the a-b site-site bonding interaction a,b,i,j , and K a,b,i,j is the volume available for bonding. 58 As in the original SAFT-VR approach the radial distribution g ij sw function is obtained as
where the hard-sphere radial distribution function is given by Eq. ͑22͒ and g 1 ͑ ij ; 3 ͒ is given by
In our model for electrolyte solutions only the solvent molecules are modeled as associating molecules, each having four association sites. Therefore, the association contribution to the free energy for a fluid with a four-site associating component can be simplified from Eq. ͑42͒ to
ͪ+2ͬ, ͑47͒
and since all four sites are equivalent the fraction of solvent molecules not bonded is given by
where ⌬ 33 is defined by Eq. ͑44͒.
III. COMPUTER SIMULATIONS
Monte Carlo ͑MC͒ simulations have been performed to study the thermodynamic properties of several model electrolyte solutions and provide data with which to test the new theoretical approach. The simulations were performed in the isothermal-isobaric ͑NPT͒ ensemble. The reaction field ͑RF͒ method, which truncates the potential at a finite distance from each ion and dipolar molecule, was used to describe the long-range charge-charge, charge-dipole, and dipole-dipole interactions. 59 The reaction field approach replaces the molecules beyond the cutoff distance by a dielectric continuum, the effect of which is taken into account by including an additional term into the long-range charge-charge, chargedipole, and dipole-dipole interactions, viz., 
ͮ ͑51͒
where r c is the cutoff distance beyond which the pair potential is set to zero and RF the dielectric constant of the continuum. In our simulations, the value of r c is set to 3.0 and RF to ϱ. The usual periodic boundary conditions and minimum image convention are used. One simulation cycle consists of three kinds of trial moves: N trial displacements of randomly chosen molecules, N trial rotations, and one volume change. The extent of each trial move is adjusted to give an individual acceptance probability of 30%-40%. Each simulation was started from an initial configuration in which 256 molecules are placed on a lattice in the simulation box. An initial simulation of 100 000-500 000 cycles was performed to equilibrate the system, before averaging for between 500 000 and 1 000 000 cycles. The thermodynamic properties of the system were obtained as ensemble averages and the errors estimated by determining the standard deviation.
IV. RESULTS AND DISCUSSION
We have studied the PVT behavior of several model electrolyte solutions. In particular, comparisons are made between theoretical predictions and NPT ensemble Monte Carlo simulation data for several model systems in order to test the new SAFT-VR+ DE approach. The ability of the SAFT-VR+ D equation to accurately predict the effect of the strength of the dipole moment and dispersion interactions on the thermodynamics of fluids was verified in previous work. 44 The model systems studied in this work therefore focus on the effect of the ability of the new theoretical approach to capture the effect of the ions and are detailed in Table I . From Table I , systems 1-4 are restricted electrolyte solution models, in that they have equal sized ions and solvent molecules; system 5 represents a semisymmetric electrolyte solution in which the ions are of equal size, but differ from the size of the solvent; and system 6 describes an asymmetric electrolyte solution with different sized cation, anion, and solvent molecules. The results of the NPT Monte Carlo simulations are reported in Tables II and III. In Fig. 2 , we present a comparison between predictions from the SAFT-VR+ DE approach and the NPT ensemble simulation results for the PVT behavior of the model restricted electrolyte solution in which the cation, anion, and solvent molecules are all of the same size ͑i.e., systems 1 and 2͒. Two different dipolar solvents are considered: system 1 with *2 = 0.5 and system 2 with *2 = 1.0. From Fig. 2 we see that good agreement between the simulation results and theoretical predictions over a wide range of temperatures and pressures is observed, though the proposed approach is seen to slightly underpredict the simulation data at high densities. This could be due to inadequate sampling in the Monte Carlo simulations at high densities due to association interactions; 60 a similar trend was observed in a recent study of dipolar associating systems. 61 Since the concentration of ions in electrolyte solutions plays an important role in determining their thermodynamic properties, we have studied the PVT behavior of electrolyte solutions with differing ion concentrations, namely, 0.79%, 1.59%, and 3.2% which correspond to systems 1, 3, and 4, respectively. The concentrations reported are in the form of mol % of salt; for comparison, a 1M NaCl solution corresponds to 1.77 mol %. The results for systems 3 and 4 are presented in Fig. 3. From Figs. 2 and 3 we note that good agreement is obtained in all cases between the simulation data and theoretical predictions for the systems studied and that as the concentration of the ions increases the density at a given pressure and temperature increases, due to the increased attractive interaction, which at constant density would result in reduced pressure, and so at constant pressure results in the increase of density.
In order to obtain a more comprehensive understanding of the thermodynamic properties of the systems studied, we have also examined different models for incorporating the long-range interactions, namely, the Debye-Hückel theory and the primitive and nonprimitive models. In Fig. 4 , we present a comparison of the theoretical predictions from these different electrolyte models, with the results from the SAFT-VR+ DE approach and the NPT ensemble MC simulation data for system 2. The results are presented at a single temperature, T * = 1.8, for clarity. As mentioned previously, for the Debye-Hückel theory and the primitive models, we need to predetermine the dielectric constant of the dipolar solvent, which depends on the dipole moment, temperature, and the composition of the electrolyte solution. In applications of the primitive model the determination of the dielectric constant can be problematic and often introduces additional approximations. For example, in the SAFT-VRE approach, 49 the experimental value of the dielectric constant of pure water at each temperature is typically used in the study of aqueous electrolyte solutions, while Wu and Prausnitz 46 in their work proposed a correlation for the dielectric constant of mixtures of hydrocarbons and aqueous salt solution based on the dielectric constant of water, the composition of the mixture, and an adjustable constant for each hydrocarbon. In the SAFT-VR+ DE approach the dielectric constant is not required as an input to the calculations. However, in order to compare different models for incorporating the long-range interactions we must determine the dielectric constant for the Debye-Hückel and primitive models. Since dielectric constant data are not available for model solutions, we calculate the dielectric constant using Adelman's formula for the nonprimitive model. We see from Fig. 4 that the theoretical prediction from the SAFT-VR approach with Debye-Hückel theory greatly overpredicts the density at a given pressure and temperature due to the exclusion of the effect of the volume of the ions, while the theoretical predictions from the primitive models underpredict the density at given pressure and temperature, with the RPM and PM yielding identical predictions ͑since the system studied is symmetric͒. The prediction from the SAFT-VR+ DE approach ͑i.e., nonprimitive model͒ is in excellent agreement with the simulation data, illustrating the need for an accurate ion-concentration-dependent dielectric constant. As expected for the symmetric system studied the restricted nonprimitive model and the seminonprimitive model provide the same so- lutions. We note that the relatively good agreement obtained between the simulation data and primitive models can be attributed to the use of the dielectric constant from the nonprimitive model in the calculations.
Having seen that the SAFT-VR+ DE equation with the nonprimitive model to describe the long-range interactions can accurately describe the PVT behavior of symmetric electrolyte solutions, we now turn to semisymmetric electrolyte solutions, which have ions of the same size but different sized solvent molecules. In Fig. 5 we present the PVT behavior for a semisymmetric electrolyte solution ͑system 5͒, which has the same model parameters as system 2 but the size of the ions is now half that of the solvent. From the figures ͑Figs. 5 and 2͒, we find that the semisymmetric electrolyte solution exhibits a slightly higher density at a given pressure and temperature than the symmetric electrolyte solution ͓Fig. 2͑b͔͒ and that the SAFT-VR+ DE EOS provides good agreement with the simulation data for the isotherms studied. In order to demonstrate the advantages and accuracy of the SAFT-VR+ DE approach and the difference between the nonprimitive model and other MSA models for the longrange electrostatic interactions, we have again compared the isotherms predicted from the SAFT-VR+ DE approach with predictions from the SAFT-VR approach combined with the Debye-Hückel theory and the primitive model ͑RPM and PM͒. The results from the different models studied for system 5 at T * = 1.8 are shown in Fig. 6 , along with the NPT ensemble MC simulation data for comparison. It can be seen from the figure that the predictions using Debye-Hückel theory show the greatest deviations from the simulation data. The results from the primitive models and the restricted nonprimitive model consistently underestimate the density, which again illustrates the need for an accurate ionconcentration-dependent dielectric constant and the importance of correctly accounting for the effect of the size of the ions and solvent. The results using the RPM and PM model both underpredict the density at given temperature and pressure and result in identical predictions since both models do not explicitly take into account the solvent but mimic the solvent as a dielectric continuum. We again note that the apparent good agreement obtained between the simulation data and primitive models is due to the use of the dielectric constant from the nonprimitive model. The prediction from the SAFT-VR+ DE EOS is in excellent agreement with the simulation data for the system studied, illustrating the need for both an accurate value of the dielectric constant and an accurate representation of the size asymmetry between the solvent and ions.
Since real electrolyte solutions, such as aqueous solutions of NaCl, are typically composed of ions of different sizes, it is desirable to be able to model asymmetric electrolyte solutions that are composed of ions and solvent of different diameters. To test the ability of the SAFT-VR+ DE equation in this respect we have studied the PVT behavior of an asymmetric electrolyte solution in which the solvent, cation, and anion diameters are in the ratio 3:1:2 ͑system 6͒. The results are presented in Fig. 7 , where again we see that the SAFT-VR+ DE approach provides good agreement with the simulation data. From a comparison of systems 2, 5, and 6 ͓Figs. 2͑b͒, 5, and 7͔ we note that the asymmetric system exhibits the highest density at given pressure and temperature, while the symmetric system has the lowest density. In simulation data. From the figure for system 6 at T * = 1.8 we note similar trends to those observed for the semiasymmetric system studied: namely, the prediction from the SAFT-VR + DE EOS is in excellent agreement with the simulation data, while the predictions from the Debye-Hückel model exhibit the poorest agreement with the NPT MC simulation data, indicating that the effect of the size of the ions and solvent plays an important role in determining the thermodynamic properties of electrolyte solutions. We again note that the overall good agreement with the simulation data for the primitive models, which require the dielectric constant to be predetermined, is due to the use of the dielectric constant from the nonprimitive model. We also note from the comparison that the predictions using the seminonprimitive model, in which the effective size of ions is used, only slightly overpredicts the density at given pressure and temperature in comparison with the simulation data and SAFT-VR+ DE approach.
V. CONCLUSION
In this work, the SAFT-VR+ DE approach has been developed through a combination of the SAFT-VR equation and the MSA solution for the nonprimitive model, in which the solvent molecules are explicitly described. The theoretical expressions needed to study the ion-ion, ion-dipole, and dipole-dipole interactions have been presented. NPT MC simulations were performed to obtain simulation data with which to compare the theoretical predictions and test the new approach. We find that the SAFT-VR+ DE equation provides a good description of the PVT behavior of the electrolyte systems studied. We have also compared the SAFT-VR + DE equation with five other models for incorporating electrostatic interactions, namely, the Debye-Hückel theory, the primitive model ͑RPM and PM͒, the restricted nonprimitive model, and the semirestricted nonprimitive model. We find that the Debye-Hückel model shows the largest deviations from the Monte Carlo simulation data, indicating the importance of properly accounting for the difference in size between the ions and solvent if the thermodynamics of real electrolyte solutions are to be accurately described. We have also shown the importance of an accurate description of the dielectric constant and how the predictive capability of the primitive model and the Debye-Hückel theory strongly depends on the value of the dielectric constant. By using the nonprimitive model in the SAFT-VR+ DE approach we avoid the need to provide input values for the dielectric constant, either by finding experimental data or developing correlations for mixed solvent electrolyte systems, and so expand the flexibility of the theory considerably over other SAFT based approaches for electrolyte solutions. We also find that the predictions obtained from the semirestricted nonprimitive model are very similar to those from the SAFT-VR+ DE approach ͑i.e., nonprimitive model͒, indicating that an assumption of equal sized ions is reasonable. Given the relative simplicity of the semirestricted nonprimitive model, it may be advantageous to use this approximation when developing engineering equations of state for electrolyte solutions. Although we have only tested the proposed SAFT-VR+ DE approach for relatively dilute electrolyte solutions and monomer ions and solvent, our approach is generally applicable and can easily be applied to more concentrated electrolyte solutions and chainlike ions and/or solvent through the addition of a chain term in which the pair distribution function can be derived from the mean spherical approximation.
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APPENDIX: DEFINITION OF MODELS
Debye-Hückel
The Helmholtz free energy is given by
where is the inverse Debye screening length, 2 = 4z 2 e 2 ␤ . ͑A2͒
RPM of the MSA
The Helmholtz free energy is given by In the MSA, the excess Gibbs free energy equals the excess internal energy. Thus, the compressibility factor can be given as
